We have used chromatin immunoprecipitation (ChIP) to measure p53-dependent histone acetylation at the p21, MDM2, and PUMA promoters. The pattern of histone acetylation was different at each promoter. H3 and H4 acetylation increased at both the p21 and PUMA promoters in response to p53 activation, whereas there was only a minimal increase in H4 acetylation and no increase in H3 acetylation at the MDM2 promoter. The high p53 occupancy of the p21, MDM2 and PUMA promoters has been attributed to the presence of two p53 binding sites in these promoters, but mutation of the p53 binding sites in integrated p21 promoter constructs showed that the two sites in the p21 promoter do not cooperate to stabilize p53 binding. Despite 10-fold higher p53 binding to the proximal than the distal site in the p21 promoter, both sites showed similar patterns of H3 and H4 acetylation. Mutation of the binding sites showed that acetylation of the proximal, low-affinity site requires p53 binding to that site but not to the distal, high-affinity site. Since low-affinity p53 binding sites can confer strong acetylation, the DNA binding affinity in vitro is an unreliable guide to the likely importance of p53 in regulating candidate target genes in vivo.
Introduction
The p53 tumour suppressor gene is mutated in over 50% of human tumours and plays an important role in the response to genotoxic stress (Vogelstein et al., 2000) . It responds to upstream signals by activating transcription of genes important for cell cycle arrest, DNA repair, and apoptosis. The spectrum of target genes induced depends on the type of stress and the tissue analysed (Zhao et al., 2000) . Studies examining the binding of p53 to promoters by chromatin immunoprecipitation (ChIP) have shown that there are large differences in the kinetics and extent of p53 binding to target gene promoters in vivo (Szak et al., 2001; Kaeser and Iggo, 2002) . Differences in the affinity of p53 for its binding sites have been invoked to explain why some cells undergo growth arrest and others apoptosis following p53 activation (Vousden and Lu, 2002) . High-affinity sites are predominantly found in cell cycle arrest genes, which would allow selective transactivation of these genes when low levels of p53 are present in the cell. In contrast, low-affinity sites are predominantly found in proapoptotic target genes, which thus should require higher levels of p53 for transactivation (Chen et al., 1996) . ChIP analysis has demonstrated that the p21, MDM2, and PUMA promoters show higher p53 occupancy in vivo than the AIP1, bax, and PIG3 promoters (Kaeser and Iggo, 2002) . This is broadly consistent with the affinity model, except for PUMA, which is a proapoptotic BH3-family protein. As well as the affinity of individual DNA sequences for p53, the number of binding sites in the promoter appears to be an important factor in determining p53 occupancy in vivo. Recent NMR studies suggest that p53 can link noncontiguous DNA binding sites in a sandwich-like manner, resulting in more efficient DNA binding when multiple well-separated binding sites are present, as in the p21, MDM2, and PUMA promoters (Klein et al., 2001) . Since p53 is present at the promoter of these genes even in the absence of genotoxic stress (Kaeser and Iggo, 2002) , it is likely that additional mechanisms regulate p53 activity in vivo. Many studies have shown that p53 undergoes phosphorylation and acetylation in response to genotoxic stress (reviewed by Anderson and Appella, 2003) . One function of these modifications is to regulate p53 stability, for example, through regulation of MDM2 binding (Chehab et al., 1999) . Another possibility is that p53 modification controls the access of p53 to basal transcription factors (Thut et al., 1995) , mediator (Ito et al., 1999) , chromatin remodelling enzymes (Lee et al., 2002) , or histone acetyltransferases (HATs). p53 interacts with components of multiple different HAT complexes, including p300/CBP (Dumaz and Meek, 1999) , TRRAP (Barlev et al., 2001) , GCN5 (Candau et al., 1997) , and P/CAF (Sakaguchi et al., 1998) , and p53-mediated transactivation of p21 transcription correlates with increased histone acetylation (Barlev et al., 2001; Espinosa and Emerson, 2001; Espinosa et al., 2003) . p53 itself is acetylated at the carboxy-terminus by p300/CBP and P/CAF (Sakaguchi et al., 1998 ). An intriguing model for the function of this region of the p53 protein is that it acts like a histone tail, progressively accumulating modifications that permit the sequential recruitment of chromatin modifying enzymes, for example through binding of acetylated p53 residues to bromodomain proteins (Agalioti et al., 2002) .
We have used ChIP to measure the effect of p53 activation on histone acetylation at the p21, MDM2, and PUMA promoters. We show that p53 activation has different effects at each promoter tested.
Results

Endogenous p53 induces promoter-dependent H3 and H4 acetylation
To test the kinetics and p53-dependence of histone acetylation at the p21, MDM2, and PUMA promoters, HCT116 colon cancer cells and p53 knockout derivatives were treated with 5-fluorouracil (5FU), and ChIP was performed with anti-p53 and antiacetylated histone antibodies. Western blotting showed that the p53, MDM2, and p21 levels all rose in the parental HCT116 cells after treatment (Figure 1a ). Consistent with previous observations (Kaeser and Iggo, 2002) , p53 was already present at promoters in unstressed cells, resulting in several hundred-fold higher recovery of p53 target gene promoter DNA in the cells containing p53 (Figure 1b , left panels). The maximal recovery of input chromatin by anti-p53 antibodies in 5FU-treated cells was 5, 3, and 1.8% for the p21, MDM2, and PUMA promoters, respectively, confirming that these promoters show high p53 occupancy after genotoxic stress. The amount of histone acetylation was measured by ChIP using antibodies recognizing multiple acetylated forms of H3 or H4. In the absence of 5FU, the level of H4 acetylation was two-to threefold higher at the p21 and PUMA promoters in the parental than the p53 knockout cells (Figure 1b , middle panels). After 5FU treatment, there was no change in H4 acetylation in the p53 knockout cells but a two-to threefold increase in the parental cells. H4 acetylation remained high 12 h after treatment at the p21 promoter, but peaked at 3 h and then decreased with time on the PUMA promoter. H3 acetylation showed a similar pattern to H4 acetylation on both promoters, though with a higher p53-independent basal level and a smaller increase following 5FU treatment. In contrast to the p21 and PUMA promoters, the MDM2 promoter showed little, if any, induction of acetylation by 5FU, and H3 acetylation was higher at all time points in the p53-deficient cells (Figure 1b , bottom panels). These results indicate that the pattern of acetylation is specific to each promoter.
p53 binds preferentially to the distal response element in the p21 promoter
The p21 promoter was studied in detail because it showed the greatest p53-dependent histone acetylation.
It contains proximal and distal p53 response elements, located 1.4 and 2.3 kb upstream of the transcription initiation site, respectively. Both are located in regions conserved between human, mouse, and rat (el-Deiry et al., 1995) . The distal p53 binding site is a better match to the consensus p53 binding sequence (el-Deiry et al., 1992) . In addition to the p53 binding sites, the promoter contains response elements for several other transcription factors, including the vitamin D3 receptor, Sp1, myoD, and MIZ-1 (Halevy et al., 1995; Biggs et al., 1996; Liu et al., 1996; van de Wetering et al., 2002) . Six equally spaced amplicons spanning 3 kb of the promoter and 0.6 kb of the transcribed region were used to map p53 binding in vivo (Figure 2 ). p53 with an S to F mutation at codon 121 has previously been shown to have an altered DNA binding sequence specificity, most likely through changes in hydrogen bonding of K120 to DNA (Freeman et al., 1994) . Compared to wild-type p53, 121F has a sevenfold lower affinity for the distal p21 site, but a sixfold higher affinity for the sequence GGG CATG CCC, which resembles the proximal p53 binding site in the p21 promoter (Freeman et al., 1994) . Wild-type p53, the 121F mutant, and the non-DNA binding 175H mutant were expressed from a tetracycline-regulated promoter in p53-null H1299 cells (Saller et al., 1999) . The p53 protein level was the same for all three clones after induction (data not shown, Kaeser and Iggo, 2002) . ChIP for wild-type p53 showed a twofold higher occupancy of the distal than the proximal site ( Figure 2 ). In contrast, 121F bound preferentially to the proximal site, indicating that the ChIP assay can resolve differences in the location of p53 within the p21 promoter. It also shows that the ChIP assay measures direct p53 binding to p21 promoter DNA and confirms that differences in affinity measured in vitro have corresponding effects on DNA binding in vivo.
Damage-induced H3 and H4 acetylation of the p21 promoter 5FU-inducible p53-dependent histone acetylation at the p21 promoter was tested in HCT116 cells (Figure 3 ). H4 acetylation increased threefold 9 h after 5FU treatment. H4 acetylation of both p53 binding sites was p53-dependent ( Figure 3b , compare wt and ko lanes). Despite a ninefold difference in the amount of p53 at the proximal and distal binding sites after 5FU treatment (Figure 3a) , the level of H4 acetylation was the same. It was centred on the p53 binding sites and did not extend to the TATA box. H3 acetylation showed a similar but weaker pattern over the p53 binding sites, but was strongest in the transcribed region, where it was independent of p53 status or the level of p21 expression (Figure 3c ).
The lack of difference in the level of acetylation at the two p53 binding sites despite the large difference in the amount of bound p53 was unexpected. To determine whether the high relative acetylation of the proximal site was dependent on p53 binding to the distal site, the sites were mutated in a 2.8 kb p21 promoter fragment and the DNA was stably integrated into the genome of mouse F9 teratocarcinoma cells using a lentiviral vector (Figure 4a ). The mutations disrupt the invariant C-G pairs of the p53 binding site (Figure 4b ). F9 cells contain wild-type p53 and respond to DNA damage by stabilizing p53 (data not shown, Lutzker and Levine, 1996) . The cells were treated with doxorubicin, and ChIP was performed with human-specific primers to avoid amplifying endogenous mouse p21 promoter DNA. Despite the artificial nature of the construct, p53 binding was strictly dependent on the presence of the previously defined binding sites, showed the same pattern of binding as on the p21 promoter in human cells and increased appropriately following DNA damage (Figure 4c ). The reduction following mutation of either site was 30-to 60-fold. Mutation of the proximal site had no effect on binding to the distal site, and mutation of the distal site had no effect on binding to the proximal site, indicating that the two sites do not cooperate to stabilize p53 binding.
Histone acetylation of the integrated DNA could be influenced by the presence of other control elements in the construct. The LTRs in the integrated DNA lack enhancer elements because of a deletion in the 3 0 -LTR in the vector (Zufferey et al., 1998) , but the SV40 promoter, which is used to express the pac gene for puromycin selection, could recruit factors that acetylate the p21 promoter DNA. Despite these potential limitations, the pattern of histone acetylation was remarkably similar to that of the endogenous p21 promoter in human cells: H4 acetylation was stronger than H3 acetylation, and each histone showed similar acetylation at the two p53 binding sites (Figure 4d ). The level of acetylation increased following doxorubicin treatment, and this increase was p53 dependent because it did not occur in similarly treated p53 null MEFs harbouring the same construct (data not shown). Mutation of the distal p53 binding site, which abolished p53 binding, had a small effect on H4 acetylation of this site and no effect on H4 acetylation elsewhere in the promoter. Mutation of the proximal p53 binding site had no effect on H4 acetylation at the distal site but reduced acetylation of the proximal site and downstream VitD site by 450%. H3 acetylation on all three sites increased several fold after doxorubicin treatment, but the changes following mutation of the p53 binding sites were small and may not be significant, possibly because the lower level of acetylation reduced the signal-to-noise ratio (Figure 4e ).
In summary, we can see no evidence of cooperativity between the proximal and distal sites to promote p53 binding to the p21 promoter, H4 acetylation is more responsive to p53 activation than H3 acetylation of this promoter, and acetylation of the proximal p53 binding site is disproportionate given the amount of p53 bound to this site. Figure 2 Sites of p53 binding within the p21 promoter. Wt p53 and p53 mutants were expressed from the tet-off promoter in p53-null H1299 cells (Saller et al., 1999) . p53 expression was induced by removal of tetracycline from the medium. The negative control cells contain an integrated empty vector (no p53) or express the tumourderived mutant 175H from the tet-off promoter. p53 binding was measured by ChIP using amplicons located from À3.1 to þ 0.6 kb relative to the transcription start site. The amplicons labelled upstream, VitD, TATA, and intron do not contain known p53 binding sites. Wt p53 preferentially binds to the distal p53 binding site; the sequence specificity mutant 121F preferentially binds to the proximal site p53-dependent histone acetylation MD Kaeser and RD Iggo
Amino-terminal phosphorylation is not required for histone acetylation
The p53 amino-terminus is phosphorylated on residues 6, 9, 15, 18, 20, 33, 37, and 46 in response to stress (reviewed by Anderson and Appella, 2003) . This phosphorylation is postulated to have multiple effects, including stabilization of p53 protein and recruitment of basal transcription factors. To test the importance of phosphorylation of residues 6, 9, 15, 20, 33, and 37 for promoter acetylation, we mutated these residues to alanine and transduced p53 knockout HCT116 cells with the p53 mutant ('N6A') using a lentivirus. The vector used allows expression of p53 at physiological levels that respond appropriately to DNA damage signals by increasing in level and activating transcription of p21 and MDM2 (Figure 5a and Kaeser et al., 2004) . ChIP was performed on 5FU-treated cells infected with viruses expressing wild-type p53, N6A, and empty vector. The pattern of H3 and H4 acetylation in the infected cells (Figure 5b, c) was identical to that in cells expressing wild-type p53 from the endogenous gene (Figure 3) . Mutation of p53 phosphorylation sites had no effect on the pattern of either H3 or H4 acetylation. We conclude that p53 phosphorylation on residues 6, 9, 15, 20, 33, and 37 is not required for p53-dependent acetylation of H3 and H4 in the p21 promoter.
Discussion
The major conclusions from this study are that the pattern of p53-dependent histone acetylation depends on the promoter studied, and that the magnitude of the acetylation response depends both on the amount of p53 bound and the identity of the site. All three promoters tested showed greater p53-dependent changes in H4 than H3 acetylation. Several HATs previously implicated in p53 function can acetylate both H3 and H4, including p300/CBP, GCN5/PCAF, TAFII250, and TIP60 (reviewed by Sterner and Berger, 2000) . The most selective for H4 is TIP60 (Ikura et al., 2000) , which can be recruited to the p53 transactivation domain by TRRAP (Barlev et al., 2001; Ard et al., 2002) . In the conditions of our quantitative ChIP experiments, we were unable to precipitate credible amounts of promoter DNA using antibodies against HATs, so the identity of the complexes responsible for the observed histone acetylation could not be defined. The MDM2 P2 promoter showed the least change in acetylation after p53 activation, despite a large increase in the amount of p53 bound. This indicates that p53 can regulate transcription by mechanisms that do not involve histone acetylation. For example, it could modify promoter structure by recruitment of chromatin remodelling complexes (Lee et al., 2002) , or communicate directly with basal factors to cause release of RNA polymerase from preinitiation complexes (Espinosa et al., 2003) . The lack of effect of p53 on H3 acetylation at the MDM2 P2 promoter may be a consequence of pre-existing high basal H3 acetylation, caused by the passage of RNA polymerase-elongator complexes initiating at the constitutive P1 promoter (Winkler et al., 2002) .
Relative to the distal p53 binding site in the p21 promoter, acetylation of the proximal site was disproportionate to the amount of p53 bound. This could be related to a fundamental difference in the way p53 binds to the two sites, or depend on the presence of other proteins binding to nearby sequences. The possibility that affinity dictates the choice between cell cycle arrest and apoptosis, with high-affinity sites regulating cell cycle arrest genes and low-affinity sites regulating proapoptotic genes, has been widely discussed (Rowan et al., 1996; Vousden and Lu, 2002) . The p21 promoter can be used to address these issues because it contains one high-and one low-affinity site. Our ChIP data support the idea that the two sites have a different affinity for p53 in vivo. What we did not expect to see was the high level of acetylation at the proximal site despite the presence of 10-fold less p53 at this site. The acetylation appears to be due to p53 binding to the proximal site directly, rather than spreading of acetylation from the distal site, because mutation of the distal site did not reduce it. A possible model to explain this observation is that rapid turnover of p53 on DNA is a better mechanism to load coactivators than stable binding of p53 to DNA. An alternative explanation could be that the structure of the bound p53 is different when there are only two subunits in the p53 tetramer bound tightly to the DNA, allowing different p53 surfaces to be exposed for interaction with coactivators. Whatever the explanation, a practical consequence is that measurement of p53-dependent histone acetylation may provide useful insight into the biological relevance of p53 to transactivation of a putative target gene, even if the known p53 binding site is a very poor match to the consensus. It has been reported previously that widely spaced p53 binding sites in promoters allow the formation of loops bridged by p53 tetramers, resulting in synergistic activation of transcription (Stenger et al., 1994; Jackson et al., 1998; Klein et al., 2001) . Mutation of either the proximal or the distal p53 binding site in the p21 promoter in an integrated lentiviral vector showed that p53 binds independently to the two sites. Use of a lentivirus to integrate promoter DNA for ChIP studies has not been described previously. Given the artificial nature of the construct it is remarkable that both p53 binding and histone acetylation were still responsive to stress.
It is widely assumed that p53 phosphorylation selectively regulates the recruitment of coactivator complexes to promoters. The differences in the pattern of histone acetylation at the p21, PUMA, and MDM2 promoters in our study, together with many reports in the literature describing interactions between p53 and HAT-containing complexes, suggest a simple mechanism for p53 to regulate promoters selectively in response to diverse signals. Our failure to see differences in histone acetylation at the p21 promoter following reintroduction of p53 with alanine at six well-characterized amino-terminal phosphorylation sites cautions that proving this model in vivo will be a very difficult task. There is no doubt that p53 is phosphorylated in response to stress signals (reviewed by Anderson and Appella, 2003) , but until there is a simple experimental model that shows strong phenotypes for p53 phosphorylation site mutants, it will be difficult to prove that phosphorylation of particular residues regulates the recruitment of specific coactivators to individual promoters.
Materials and methods
Cell lines and antibodies
HCT116 human colorectal cancer and p53 knockout derivatives were supplied by Dr B Vogelstein (Bunz et al., 1998) . H1299 cells expressing p53 from a tetracycline-regulated promoter were described by Saller et al. (1999) . p53 expression was induced as described by Saller et al. (1999) . Murine teratocarcinoma F9 cells were obtained from ATCC and cultured on gelatin-coated dishes. DO7 and PAb248 (Yewdell et al., 1986 ) murine hybridoma cells were supplied by Dr D Lane. SMP-14, C-19, and FL-393 were purchased from Santa Cruz Biotechnology. Antiacetylated H3 (#06-599) and H4 (#06-866) were purchased from Upstate Biotechnology. Western blotting was performed as previously described (Kaeser and Iggo, 2002) .
Plasmids and viruses
pMDK36 containing a 1 kb fragment of the distal p21 promoter was constructed by BP-cloning (Invitrogen) a PCR fragment from human placental DNA into pSP161 as described by Bridge et al. (2003) . The fragment was amplified using primers oMDK7 (GGGGACAAGTTTGTACAAAAAAGCAGGCTctgaggcagaattgcttgaa) and oMDK8 (GGGGACCACTTTGTACAAGAAAGCTGGGTgcatttcaa atagactagac). To obtain 2.8 kb of the p21 promoter, a BamHISacI fragment of pMDK36 and a SacI-HinDIII fragment of WW-pLUC (el-Deiry et al., 1993) were cloned into BamHIHinDIII of pUC19. Site-directed mutagenesis of the distal site was performed by iPCR using oMDK15 (ATcTCCCAAgATtTTGagctctggcatagaagag) and oMDK16 (cTTCctgacggccagaaagcc), or oMDK17 (aGtaATtTCTgggcagagatttccagac) and oMDK18 (AGTaTTCTTCctctaacgcagctga) for the proximal site. Fragments of wild type or mutated p21 promoter were amplified using oMDK7 and oMDK19 (GGGGACCACTTTGTACAAGAAAGCTGGGTaagcttctgacttcggcag) and BP-cloned into pSP161. Lentiviruses were produced as described previously (Bridge et al., 2003) . The p53-expressing lentiviruses were described by Kaeser et al. (2004) . F9 cells were transduced at low multiplicity (approx. 20% efficiency) and selected in puromycin.
Chromatin immunoprecipitation
ChIP with DO7, antiacetylated H3 and antiacetylated H4 antibodies was performed as described by Kaeser and Iggo 2002) , except that for Figure 3 , DNA was sonicated to an average length of 300 bp. For Figure 4 , DNA was sonicated to an average length of 500 bp and 1 mg PAb248 was used to precipitate murine p53. SYBR real-time quantitative PCR was performed on a PE5700, using the primers described below at 500 nM each and 601C, except 5 0 up.fw and 5 0 up.rv, which were used at 621C. Integrated provirus mutated at the proximal site was measured using prox(MUT).fw and prox.rv. Primer sets and probes for MDM2, p21 (distal) and PUMA were described by Kaeser and Iggo (2002) 
